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The long-range Rydberg interaction endows a medium with large optical non-linearity, thus re-
sulting in strong photon-photon interaction, which is desirable for the realization of quantum circuits
and networks. In this paper, we have performed optical switching of entangled photons in the system
of cold atomic gases under a Rydberg electromagnetically induced transparency configuration. With
the presence of the Rydberg blockade effect, a gate field makes the atoms non-transparent thereby
blocking a single photon emitted from another atomic ensemble. In contrast to the trivial case
without the gate field, with average 1∼2 gate photons per effective blockade sphere, more than 50%
of the entangled photons sent to the switch are blocked, thereby achieving effective single-photon
switching. This switching of the entangled photons depends on the principal quantum number and
the photon number of the gate field. Our experimental progress hints at quantum information
processing through the interaction between Rydberg atoms and entangled photon pairs.
Introduction. In analogy to classical electronic coun-
terparts, quantum switches are regarded as basic building
blocks for quantum circuits and networks [1–3]. Switch-
ing states in the full-quantum regime where single parti-
cles control a quantum qubit or entanglement from an-
other system may enable further applications in quantum
information fields, such as in quantum computing [4], dis-
tributed quantum information processing [5], and metrol-
ogy [6]. Many efforts have gone towards constructing a
prototype; examples include a micro-resonator coupled
with a single atom [7], cold atoms trapped in a micro-
scopic hollow fiber [8], cold atoms coupled in a cavity [9],
strongly coupled quantum dots–cavity [10], and single
dye molecules [11].
The strong interaction offered by highly excited Ry-
dberg atoms shifts the energy levels of the surrounding
atoms dramatically and suppresses all further excitation
of its neighboring atoms. This interaction between cold
atoms gives rise to the excitation blockade [12–18], many-
body entanglement [19–22], spatial correlations [23–25],
strong optical nonlinearities [26–32], plasma formation
[33], photon-photon gate [34]. The single-photon non-
linearity exhibiting the strong interaction between Ryd-
berg atoms could be extended to single-photon transistor
[35–37]. Although the fundamental aspects of quantum
nonlinearity based on Rydberg atoms have been stud-
ied before, a type of "photonic hourglass" single-photon
device is constructed [38, 39], what happens when con-
sidering two beams with a significant unbalanced photon
number as input, for example, one of beams is under
quantum regime. However, all the relative experiments
on switching were demonstrated with a weak coherent
field, thus there are no reports on switching of a true
single-photon. True single photons are challenge to in-
terface such switches as opposed to attenuated coherent
pulses.
Here, we demonstrate an experiment of switching true
single-photons within two atomic ensembles. The entan-
gled photons pairs are prepared in an atomic cloud and
propagating through another atomic cloud for switch-
ing. Because the nonlinearity offered by the Rydberg
long-range interaction is large, the Rydberg electromag-
netically induced transparency (Rydberg-EIT) medium
[26, 40] becomes opaque when applying a gate field and
single photons are absorbed and finally blocked. The
measured coincidence counts with and without a gate
field show an obvious switching of the entangled state.
The fidelity of the entangled state is 85.3% ± 1.5% and
80.4%± 2.3% in the absence and presence of a gate field,
respectively, with a switch contrast larger than 50%. By
increasing the principal quantum number n, the switch-
ing effect becomes strong and the required photon num-
ber of the gate field decreases. Implementing a Rydberg-
mediated switch device under quantum regime could en-
able the implementation of quantum computation and
information processing with the interaction between Ry-
dberg atoms and entangled photons [4], such as building
a Toffoli gate [41] and quantum computation [42–45] with
Rydberg ensembles, and switching a distributed quantum
node.
Results
Experimental setup. The sample media are op-
tically thick atomic ensembles of Rubidium 85 (85Rb)
trapped in different magneto-optic traps (MOTs), la-
beled MOT 1 and MOT 2. Schematics of the energy
levels, time sequence, and experimental setup are shown
in figure 1(a)–(c). A cigar-shaped 85Rb atomic ensem-
ble is first prepared in MOT 1 and then cooled down
to about 100 µK via the optical molasses technique; the
atomic cloud has dimensions of 10 × 2 × 2 mm3. We
prepare non-classical photon pairs by spontaneous four-
wave mixing (SFWM) in this atomic ensemble. The
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Figure 1. (a) Energy diagram of entanglement generation and switch processes, including the double-Λ atomic configuration
corresponding to the 85Rb states of 5S1/2(F = 2) (|1〉), 5P1/2(F ′ = 3) (|2〉), 5S1/2(F = 3) (|3〉), and 5P3/2(F ′ = 3) (|4〉),
respectively, and the pump fields P1 and P2 and the signal fields S1 and S2; the right-hand side energy diagram is of the
ladder-type Rydberg-EIT with ground state 5S1/2(F = 3) (|g〉), excited state 5P3/2(F ′ = 4) (|e〉), and highly-excited state∣∣nD5/2〉 (|nD〉). Labels: P-pump, S-signal. (b) Time sequence for the preparation and switching of single-photon. ∆T
represents the experimental time window. (c) Schematic overview of the experimental setup. Labels: PBS-polarizing beam
splitter, DM-dichroic mirror, λ/2-half-wave plate, λ/4-quarter-wave plate, IF-interference filter, D-single photon detector,
BD–beam displacer, AOM–acousto-optic modulator. (d) Rydberg-EIT transmission spectra recorded with and without the
gate field when n = 50. The solid lines are fitted by the function e−2Im[ws2/c(1+χ/2)]L with OD = 8, Ωc = 2pi × 6.8 MHz,
δ∆ = 2pi × 0 MHz, γrg = 2pi × 1 MHz and OD = 8, Ωc = 2pi × 5 MHz, δ∆ = 2pi × 0.5 MHz, γrg = 2pi × 2.5 MHz for red and
black data respectively.
energy levels involved here correspond to the double-
Λ system, consisting of both the D1 and D2 lines of
Rubidium 85. The two pump fields couple the atomic
transition 5S1/2(F = 3) → 5P1/2(F ′ = 3) with a de-
tuning of −2pi × 110 MHz and the atomic transition
5S1/2(F = 2) → 5P3/2(F ′ = 3) under resonance. The
generated signal photons (labeled signal 1 and signal 2)
are correlated in the time domain. The signal-2 photon
on passing through an acousto-optic modulator (AOM) is
frequency shifted +2pi×120 MHz, after which the signal-
2 photon is exactly resonant with the atomic transition
5S1/2(F = 3) → 5P3/2(F ′ = 4). Then, the signal-2 pho-
ton is propagating through the three-dimensional 85Rb
atomic cloud in MOT 2 for the demonstration of switch-
ing. The MOT 2 coils are switched off during measure-
ment. This sphere atomic cloud has a size of 500 µm
with a temperature ∼ 20 µK and an average density
of 3.5 × 1011cm−3 in the center. The signal-2 photon
has a beam waist of 16 µm in the center of MOT 2 by
using a short-focus lens. With a coupling laser beam,
we demonstrate Rydberg-EIT in the ladder-type atomic
configuration, consisting of a ground state |g〉, an ex-
cited state |e〉, and a highly-excited state |nD〉; here,
n = 50. The gate field has a beam waist of 18 µm
in the center of MOT 2, it couples the atomic transi-
tion 5S1/2(F = 3) → 5P3/2(F ′ = 4). The coupling
field with a beam waist of 30 µm covers both the gate
and signal-2 beams. The van der Waals interactions be-
tween the Rydberg atoms with an effective coefficient
C6 = 2pi × 32 GHz · µm6 for the rubidium 50D5/2 by
considering weighted average of the interaction effects of
all Zeeman sublevels, giving an average blockade radius
∼4.3 µm with rb = |C6δw |1/6 (δw ∼ 2pi × 5 MHz is the
bandwidth of signal-2 photon) in accordance with the al-
gorithm in Ref. [46]. The average atoms number within
an effective blockade sphere for n = 50 is estimated to
be ∼ 330± 40. Figure 1(d) describes the switching for a
weak coherent pulse, the red and blue lines represent the
Rydberg-EIT spectra with and without a coherent gate
field. The blockade radius should not only depend on the
bandwidth of the single photons, but also on the band-
width of transparency window of Rydberg-EIT. Here we
only consider the bandwidth of signal-2 photon for esti-
mation because it is larger than the bandwidth of trans-
parency window of Rydberg-EIT ( ∼ 2pi × 3 MHz in fig-
ure 1(d)).
Switch single-photon. To demonstrate switching
under quantum regime, we firstly prepared non-classical
photon pairs via SFWM process [47, 48] in MOT 1, the
generated photon pairs are correlated in time domain.
Then, we constructed two optical paths L and R by us-
ing two beam displacers (BDs) to build a passive-locking
interferometer [49–51] where the perturbations between
L and R optical paths can be mutually eliminated. The
signal photons in each path are collinear, as the vector
matching condition kp1 − ks1 = kp2 − ks2 should be sat-
isfied in the SFWM process. With two half-wave plates
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Figure 2. Measured coincidence counts (CC) under differ-
ent situations corresponding to: (a) with (blue) and without
atoms (red), and (b) under the Rydberg-EIT configuration
with (blue) and without (red) gate field. Both these CC were
recorded over an interval of 4000 s.
inserted in the R optical path, the signal photons along
these two optical paths can be coherently combined by
BDs. The form of the entanglement is
|ψ〉 = (|Hs1〉 |Vs2〉+ eiθ |Vs1〉 |Hs2〉)/
√
2 (1)
with θ, the relative phase between L and R optical paths,
set to zero in our experiment; |Hs1,s2〉 and |Vs1,s2〉 rep-
resent the horizontal and vertical polarized states of the
signal photons.
Before demonstrating the switching of the entangled
photons, we show switching for a single-photon. The
single-photon used here is from signal-2 and is switched
by applying a gate field. In this process, we only use the
L optical path of the interferometer by blocking the R
optical path. The results are shown in figure 2(a) and
(b); the former shows the coincidence counts of pho-
ton pairs when the atoms in MOT 2 are absent (red)
and present (blue), whereas the latter shows the results
under Rydberg-EIT without (red) and with (blue) gate
field. Obviously, the coincidence counts decrease when
the gate field is applied as the signal-2 photon is ab-
sorbed significantly more when compared with the no-
gate situation. The central physics behind the opera-
tion of a single-photon switch is: the long-range Ryd-
berg interaction endows the Rydberg-EIT medium with
a large optical nonlinearity [38, 52], the resulting dipole
blockade effect makes the medium non-transparent in the
Rydberg-EIT configuration. We define a switch contrast
to characterize switching,
Cswitch =
CCEIT − CCgate
CCEIT
, (2)
where CCEIT and CCgate represent the total coincidence
counts between the signal-1 and signal-2 photons without
and with a gate field. From the data [figure 2(a) and (b)],
we obtain a switch contrast of Cswitch = 77.6% ± 3.1%.
The little peak in the rising edge comes from the high-
frequency components of the single photons, which fall
out the absorption window of the atoms, [marked in blue
color in figure 2(a)]. In our experiment, the absorption
window of atoms in MOT 2 is about ∼ 2pi×13 MHz. Al-
though the bandwidth of the signal-2 photon wave-packet
may be tuned by decreasing the power of pump 2 field
[48], there is always a high-frequency component in the
wave-packet of the signal-2 photon and it falls outside
of the bandwidth of the absorption, which thus induces
an optical precursor [53, 54]. The switch contrast is also
limited by the broadening effect of the Rydberg-EIT win-
dow, which is maybe caused by the dephasing of the dis-
tribution of Rabi frequencies with the not spin-polarized
atoms in MOT 2. Because the experiment was demon-
strated with no cooling magnetic fields and quantized
z-axis magnetic fields, the atoms have average distribu-
tions in sublevels.
Bandwidth matching between single-photon
and Rydberg-EIT.
To demonstrate the Rydberg-EIT for single photons, a
connection is required between the two physical systems
under the quantum regime, including a matching proce-
dure of frequency and bandwidth between the signal-2
photon and the absorption window of the atomic en-
semble in MOT 2. This can be realized by changing
the frequency and Rabi frequency Ωp2 of the pump 2
field as explained above. The switch effect is obviously
decreased with the bandwidth of signal-2 photon. Due
to the narrow transparency window in the spectrum of
Rydberg-EIT, the optical response on two-photon reso-
nance is strongly affected by the level shifts induced by
Rydberg atoms interaction and the linewidths of the in-
put lasers [55]. The reason of using Rydberg-D state is:
the bandwidth of Rydberg-EIT window with D state is
larger than the S state, and the transmission rate of D
state is higher than S state. Because the wider trans-
parency window comes from the larger dipole matrix el-
ement to D-states.
As a result, the bandwidth mismatching between the
signal-2 photon and the atomic ensemble in MOT 2 de-
creases the switch contrast. Because the high-frequency
component of the signal-2 photon is unable to fall within
the Rydberg-EIT window, the reabsorption of the signal-
2 photon weakens although the gate field is presented; see
figure 3. The switch contrast decreases with increasing
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Figure 3. The measured switch contrast against with Ωp2, the
solid red curve is guided for eyes which is fitted by a function
y = A ∗Exp[−x/t] + y0 with parameters of A = 0.73481; y0 =
0.07865; t = 2.45.
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Figure 4. Switching with different bases: (a)–(d) are the coincidence counts without gate field (semi-transparent blue column)
and with gate field (blue column) under different signal-1 states of |H〉, |V 〉, |H〉 − i |V 〉, and |H〉 + |V 〉. (e) and (f) are
the recorded two-photon interference curves with signal-2 states of |H〉 and |H〉 + |V 〉 without gate field (red) and with gate
field (blue). Their interference visibilities are 87.0% ± 0.8% ((e), red), 82.9% ± 0.7% ((e), blue), 72.0% ± 1.1% ((f), red), and
57.1%± 2.6% ((f), blue). The solid lines are fitted curves to the measured data. Both these coincidence counts were recorded
over a 1000-s interval. Error bars are ±1 standard deviation.
Rabi frequency Ωp2 of pump 2 field. The bandwidth of
the signal-2 photon depends significantly on Ωp2 [47, 48],
because the profile of the wave packet of the signal-2 pho-
ton changes through tuning the Λ-EIT transparent win-
dow. The large Ωp2 would induce the large bandwidth of
the Λ-EIT transparent window. This data in figure 3 tells
us that the switching becomes better with a narrower
bandwidth for the signal-2 photon. For the optimized
case Ωp2 ∼ 2pi × 1 MHz, the bandwidth of the signal-2
photon is at ∼ 2pi × 5 MHz, and the absorption window
for the atomic ensemble in MOT 2 is ∼ 2pi × 13 MHz.
That is, the signal-2 photon can completely fall within
the Rydberg-EIT window. If decreasing the Ωp2 further,
the signal to noise ratio of two-photon coincidence be-
comes worse.
Switch entangled photons. In order to demonstrate
entangled photons switching, we input entangled photons
into MOT 2. To realize entangled photons switching in
principle, we only switch the signal-2 photons in MOT
2. In this situation, we use a 50-m fibre to introduce
a time delay in the path of the signal-1 photons. This
guarantees that the entanglement does not collapse be-
fore switching has finished. We changed the detected
state ϕs2 of the signal-2 photon and recorded the coin-
cidence counts under different signal-1 states ϕs1 of |H〉,
|V 〉, |H〉 − i |V 〉, and |H〉+ |V 〉. To obtain the difference
with and without the gate field, we recorded these coinci-
dence counts under these situations [figure 4(a)–(d)]. The
coincidence counts without (semi-transparent blue)/with
(blue) the gate field are obviously different. We ob-
tain switch contrasts CV Hswitch = 81.0%, C
HV
switch = 64.3%,
CRRswitch = 52.2%, and C
DD
switch = 79.9% under the four sit-
uations ϕs1 = |V 〉, ϕs2 = |H〉; ϕs1 = |V 〉, ϕs2 = |H〉;
ϕs1 = ϕs2 = |H〉 − i |V 〉 and ϕs1 = ϕs2 = |H〉 + |V 〉.
The obtained switching contrasts are different depend-
ing on the detected states due to the non-perfect balance
of the photon generation rate in the two optical paths
and the noise of each path. In addition, we measured
two-photon interference without and with the gate field
under the signal-2 basis of |H〉 and |H〉+ |V 〉 [figure 4(e)
and (f)]. From figure 4(e), it is easy to observe that the
propagation of the signal-2 photon through the Rydberg-
EIT medium doesn’t destroy the entanglement, because
the Rydberg-EIT is independent on the polarization of
the signal-2 photon. In our experiment, the experiment
was demonstrated with no cooling magnetic fields and
quantized z-axis magnetic fields.
We have also performed quantum state tomography
[56] for the photonic entanglement to compare the en-
tanglement properties before and after switching. Signal-
1 and signal-2 are polarization entangled, their entan-
gled state being |ψ〉= (|H〉s1 |V 〉s2 + |V 〉s1 |H〉s2) /
√
2.
Using the polarizing beam splitter, half-wave plate,
and quarter-wave plate, we projected the two photon
states onto the four polarization states |φ1∼4〉 (|H〉,
|V 〉, (|H〉 − i |V 〉) /√2, (|H〉+ |V 〉) /√2). We obtained
then a set of 16 data points from which to recon-
struct the density matrix. By comparing the ideal den-
sity matrix ρideal with a formula F= Tr(
√√
ρρideal
√
ρ)
2
,
we found the fidelity for the input and output states
to be 85.3% ± 1.5% and 80.4% ± 2.3%, respectively.
By comparing the output density matrix with a for-
mula of F= Tr(
√√
ρoutputρinput
√
ρoutput)
2
, the fidelity is
87.1%± 2.5%. It does not dramatically decrease because
the switching operation is effective for any polarization
state with treating the signal-2 photon as if it were in a
5Figure 5. Dependence of the switch contrast (red) and
Rydberg-EIT contrast (blue) on the principal quantum num-
ber. As visual guides, the data are fitted with function
y = A ∗ Exp[−x/t] + y0 (dotted lines) with parameter set-
tings A = −0.00327, y0 = 0.94, t = −11.77 and A = −198.23,
y0 = 0.87, t = 7.0. In this process, the gate field intensity is
set to average ∼ 2 gate photons per effective blockade sphere.
Error bars are ±1 standard deviation.
mixed state.
The nonlinearity of the medium not only depends
on the atomic density, which determines the inter-
action distance, but also is strongly affected by the
dipole interaction strength. Thus, we change the prin-
cipal quantum number n to change the interaction to
measure both the Rydberg-EIT transmission contrast
and switch contrast, here the Rydberg-EIT contrast
is defined as CEIT = (CCno−atom − CCEIT)/CCno−atom,
CCno−atom represents the total coincidence counts be-
tween the signal-1 and signal-2 photons without atoms.
The results (figure 5) show that the Rydberg-EIT con-
trast decreases with increasing n; this is because the tran-
sition amplitude for |e〉 → |nD〉 decreases. In contrast,
because the dipole interaction strength increases, the in-
crease in the switching contrast of the signal-2 photon
is obvious from a comparison of two situations, n = 60
(rb = 5.7 µm) and n = 40 (rb = 1.2 µm). The switch
contrast is larger than 50% when n > 45, revealing an
effective switching operation. Although the gate field has
hundreds of photons because of the relatively large size of
the atomic cloud in our experiment, the average ∼ 2 gate
photons per effective blockade sphere show that switch-
ing single-photons is realizable with a single gate photon
when trapping atoms into the blockade radius and in-
creasing the principal quantum number n.
Discussion
In addition, in order to avoid our switch system sat-
urated where the gate and coupling field would deplete
the atoms after a certain duration, we set the experi-
mental time window to 25 µs. The Rydberg lifetime is
estimated to be ∼ 800 ns by measuring the Rydberg spin-
wave through storage process [49, 57], which guarantees
an adequate interaction time for each switch operation
during the near 200 ns arrival time of the signal-2 pho-
ton given in Fig. 2. In our experiment, the dephasing of
Rydberg D state [30] is not obvious due to the small gate
photons number used here. With small photons number
as input, we have not investigated an obvious time de-
pendence of the transmission on Rydberg-EIT resonance,
see more details in Method section, but with an obvious
time dependence of the transmission for large photon
number. Thus, the nonlinearity behind the switch ex-
periment is offered by Rydberg blockade effect. Besides,
there are some challenges to improve the switch contrast:
1. To decrease bandwidth mismatch between signal-
photon and the Rydberg-EIT transprancy window. 2.
Increasing the principle quantum number n to achieve
large dipole-dipole interaction strength, as shown in fig-
ure 5. 3. By using a single-photon with ultra-narrow
bandwidth. Principally, the bandwidth of transparency
window of Rydberg-EIT with large principle quantum
number n would become narrow due to the very small
natural line width for high-n Rydberg state. This means
that it needs more narrower bandwidth of single-photon,
such as subnatural-linewidth single-photon source [48].
In summary, we have demonstrated the optical switch-
ing of entangled photons based on Rydberg nonlinear-
ity within two atomic ensembles. The emitted signal-2
photon correlated with the signal-1 photon is blocked by
another gate field under the Rydberg-EIT configuration.
Switching effect depends on the principal quantum num-
ber, the bandwidth of the emitted single photons, and the
average photon number of the gate field. We have suc-
cessfully realized optical switch on one of the entangled
photons of the pair, with more than 50% of pairs being
blocked. These results on switching single-photons using
the strong dipole interaction hold promises in demon-
strating quantum information processing between Ryd-
berg atoms and entangled photons.
METHOD SECTIONS
Experimental time sequence. The repetition rate
of our experiment is 200 Hz, and the MOT trapping time
is 4.71 ms. The experimental time window is 25 µs. The
magnetic field is switched off during the switch. The
fields of pumps 1 and 2 are controlled by two AOMs, and
therefore the frequencies of signals 1 and 2 photons can
be tuned. The optical depth in MOT 1 is about 20. Two
lenses L1 and L2, each with a focal length of 300 mm, are
used to couple the signal fields into the atomic ensemble
in MOT 1. The fields of P1 and P2 are collinear, and the
signal fields S1 and S2 are collinear. The vector match-
ing condition kp1 − kS1 = kp2 − kS2 is satisfied in the
spontaneous four-wave mixing process. The two signal
photons are collected into their respective single-mode
fibers and are detected by two single-photon detectors
(avalanche diode, PerkinElmer SPCM-AQR-16-FC, 60%
efficiency, maximum dark count rate of 25/s). The two
detectors are gated by an arbitrary function generator.
6The gated signals from the two detectors are then sent to
a time-correlated single-photon counting system (Time-
Harp 260) to measure their time-correlated function.
Theoretical analysis. Under the plane-wave
approximation, the EIT transmission has the form
e−2Im[ws2/c(1+χ/2)]L, where L is the length of the atomic
medium, ws2 the frequency of the signal 2 photon, c the
speed of light in a vacuum, and χ denotes the linear sus-
ceptibility (complex) defined as [58]
χ =
α0
k0
4(4ws2 + δ∆ + iγrg)γeg
Ω2c − 4(4ws2 + δ∆ + iγrg)(4ws2 + δ∆ + iγeg)
(3)
where α0 = OD/L is the absorption coefficient when the
coupling field is not present, OD is the optical depth of
atomic ensemble. k0 is the wave vector. 4ws2 is the de-
tuning of the signal-2 photon. δ∆ is the frequency shift
used for fitting EIT spectrum. γeg, γrg are the corre-
sponding decay rates of atomic transition |e〉 → |g〉 and
|nD〉 → |g〉. Ωc represents the Rabi frequency of the
coupling field. We use this equation 3 to simulate the
results given in figure 3(a) and (b). The strong dipole
interaction couples the nearby Rydberg atoms so that
the evolution of these atoms are fundamentally linked,
thereby modifying the individual atomic energy levels
and lifetimes [59]. As a result of the Rydberg dipole
interactions, the behaviour of an ensemble of N -atoms
cannot simply be described by summing the response
of a single atom N times. When we apply a weak co-
herent gate field, the response of the atoms cannot be
described by equation 3, which refers to a single body;
if there are no Rydberg dipole interactions, the trans-
mission of the N -atom system can be traced to a sum-
mation of N single-atom contributions. To describe the
behavior for Rydberg-EIT with a gate field, we use a
simplifying assumption γrg → ξ · γrg where ξ is the co-
operative gain coefficient. The atomic decay rate would
then increase when the Rydberg atoms interact, and the
response of each atom is modified significantly. Because
of this process, the response of Rydberg atoms would ex-
hibit non-transparency behavior for single photons when
ξ is sufficiently large. Thus, we can control the single-
photon transmission behavior of Rydberg-EIT depending
on whether nearby Rydberg atoms are excited.
Frequency matching between signal 2 and
atoms in MOT 2. Connecting two different physical
systems requires matching the frequency windows. For
this point, the emitted signal-2 photon from MOT 1 may
not be matched with the working window of Rydberg-
EIT in MOT 2. The detuning of the signal-2 photon
is performed by changing the frequency of the pump-
2 field, which is controlled by an AOM. The pump 2
field passes through the AOM, the frequency being tuned
from −2pi × 12 ∼ 2pi × 17 MHz. There is another AOM
added in the optical path of the signal-2 photon (see fig-
ure 1(c) in main text), which afterward has frequency
of +2pi × 120 MHz. By this method, the frequency of
the signal-2 photon can be tuned from the atomic tran-
sition 5S1/2(F = 3) → 5P3/2(F ′ = 3) to the atomic
transition 5S1/2(F = 3) → 5P3/2(F ′ = 4). Because the
signal-2 photon falls into the atomic transition window
5S1/2(F = 3) → 5P3/2(F ′ = 4) in MOT 2, then by
changing the frequency of the emitted signal-2 photon,
we measure its absorption and EIT transmission spec-
tra (figure 3). To check this process, we added a cou-
pling field, which is resonant with the atomic transition
5P3/2(F
′ = 3) → 50D5/2, to demonstrate the Rydberg-
EIT.
a b
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Figure 6. Transmission of the signal-2 photon under different
conditions. (a) Absorption spectra of the signal-2 photon with
atoms present in MOT 2. The data are fitted by function
e−2Im[ws2/c(1+χ/2)]L + a0 (solid lines) with parameter values
of Ωc = 0, γeg = 2pi × 3 MHz, γrg = 2pi × 1 MHz, OD = 20,
and a0 = 0.04. (b) Rydberg-EIT effect of the signal-2 photon
with coupling field present. The data are fitted by the same
function above with parameter values of Ωc = 2pi × 11 MHz,
γeg = 2pi × 3 MHz, γrg = 2pi × 1 MHz, OD = 20, a0 = 0.04
and detuning shift δ∆ = −2pi × 3.2 MHz.
Time dependence of the transmission.
The Ref. [60] reports of dephasing of Rydberg-D
state polaritons, namely, time dependence of the trans-
mission on EIT resonance. As stated in this reference,
the Rydberg-D state dephasing effect is caused by the
interaction-induced coupling to degenerate Zeeman sub-
levels, preventing other photons propagating through the
cloud. We also checked the D state dephasing in our
experiment to demonstrate probe field transmission un-
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Figure 7. (a) The normalized transmission of probe field
on Rydberg-EIT resonance. The red line represents 15 pho-
tons/pulse, the blue line corresponds to 387 photons/pulse.
(b) Time dependence of probe transmission with different
photons (not normalized, only see the profile of the trans-
mission line). The blue line represents 387 photons/pulse,
the blue line corresponds to 6014 photons/pulse.
7der the EIT resonance condition. We use a probe field
with 15 photons/pulse as an input field, the transmission
is higher than using 387 photons/pulse, see the results
given in Fig. 7(a). The Rydberg-D state dephasing is
not obvious for small photons numbers, but with an ob-
vious time dependence with much more photon number,
given in Fig. 7(b). So, the Rydberg-D state dephasing is
not obvious in our experiment, because the gate photon
number we used is small.
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